Probe for Type Ia supernova progenitor in decihertz gravitational wave
  astronomy by Kinugawa, Tomoya et al.
Draft version October 3, 2019
Preprint typeset using LATEX style emulateapj v. 12/16/11
PROBE FOR TYPE IA SUPERNOVA PROGENITOR IN DECIHERTZ GRAVITATIONAL WAVE ASTRONOMY
Tomoya Kinugawa
Department of Astronomy, University of Tokyo, Bunkyo, Tokyo 113-0033, Japan
Hiroki Takeda
Department of Physics, University of Tokyo, Bunkyo, Tokyo 113-0033, Japan
Hiroya Yamaguchi
Institute of Space and Astronautical Science, JAXA, 3-1-1 Yoshinodai, Sagamihara, Kanagawa 229-8510, Japan and
Department of Physics, University of Tokyo, Bunkyo, Tokyo 113-0033, Japan
(Dated: October 3, 2019)
Draft version October 3, 2019
ABSTRACT
It is generally believed that Type Ia supernovae are thermonuclear explosions of carbon-oxygen
white dwarfs (WDs). However, there is currently no consensus regarding the events leading to the
explosion. A binary WD (WD-WD) merger is a possible progenitor of Type Ia supernovae. Space-
based gravitational wave (GW) detectors with great sensitivity in the decihertz range like DECIGO can
observe WD-WD mergers directly. Therefore, access to the deci-Hz band of GWs would enable multi-
messenger observations of Type Ia supernovae to constrain their progenitor and explosion mechanism.
In this paper, we consider the event rate of WD-WD mergers and minimum detection range to observe
one WD-WD merger per year, using nearby galaxy catalog and the relation between the Ia supernova
and the host galaxy. Furthermore, we calculate the DECIGO’s ability to localize WD-WD mergers
and to determine the masses of binary mergers. We estimate that if the deci-Hz GW observatory
can detect the GW whose amplitude is h ∼ 10−20[Hz−1/2] at 0.1 Hz, 1000 times higher than the
detection limit of DECIGO. In fact, DECIGO is expected to detect WD-WD (1M − 1M) mergers
within z = 0.115, corresponding to the detection rate of ∼ 20000 yr−1, and identify the host galaxy
of WD-WD mergers for ∼ 8000 WD-WDs only by the GW detection.
1. INTRODUCTION
Advanced LIGO have detected GWs from compact
binary mergers. These results reveal the existence of
massive stellar black holes, and the origin of the r-
process elements and short gamma-ray burst (Abbott
et al. 2016a,b, 2017). Now we are in the dawn of
GW astronomy. Ground GW detectors such as ad-
vanced LIGO, advanced VIRGO, and KAGRA cover 10-
10,000 Hz. LISA is planed to detect the milli Hz GW
and will launch at 2030s (Amaro-Seoane et al. 2017).
DECIGO and B-DECIGO, a test version of DECIGO,
fill the gap between the ground GW detectors and LISA
(Seto et al. 2001; Nakamura et al. 2016). The main tar-
get of DECIGO is the stochastic background GW from
the early universe. Design sensitivity of DECIGO and B-
DECIGO are h ∼ 10−23-10−24[Hz−1/2], and h ∼ 10−22-
10−23[Hz−1/2] at 0.1-10 Hz, respectively. These sensitiv-
ities are very useful to detect high redshift binary black
hole mergers and check the origin of massive stellar bi-
nary black holes (e.g. Kinugawa et al. 2014; Kinugawa et
al. 2016; Belczynski et al. 2016; Nakamura et al. 2016).
Furthermore, the GW from a WD-WD merger is also
∼ 0.1 Hz (Mandel et al. 2018). Thus, WD-WD mergers
will become interesting science targets of DECIGO (Seto
et al. 2001; Mandel et al. 2018) and other 0.1Hz GW
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detectors such as B-DECIGO (Nakamura et al. 2016),
TianGO (Kuns et al. 2019), DO(Arca Sedda et al. 2019)
and AMIGO (Ni et al. 2019).
WD-WD mergers are one of the most promising candi-
dates of Ia supernova progenitors. Despite the important
use of Ia supernovae as distance indicators in cosmology,
many fundamental aspects of their evolution and explo-
sion are still under debate. There are two competing hy-
potheses for the Ia supernova progenitor system. One is
the single degenerate (SD) scenario, where a close binary
system consisting of a C-O WD and a non-degenerate
companion, such as a main-sequence star or red giant,
are considered (Whelan, & Iben 1973). The WD ex-
plodes when its mass grows close to the Chandrasekhar
limit (∼ 1.4M) via mass transfer from the companion
(e.g. Nomoto 1982; Hachisu et al. 1996). The other is the
double degenerate (DD) scenario, which assumes a dy-
namical merger or disruption of two WDs as the origin of
the explosion. The DD models can be further subdivided
into the classical DD (e.g. Webbink 1984; Iben, & Tu-
tukov 1984), violent merger (e.g. Pakmor et al. 2010; Sato
et al. 2015), and dynamically-driven double-degenerate
double-detonation (D6) scenarios (e.g. Woosley, & Kasen
2011; Shen, & Bildsten 2014). The classical DD model
assumes the fast accretion (∼ 10−5M yr−1) of the dis-
rupted secondary (lighter WD) onto the surface of the
primary (more massive WD). The primary WD explodes
when the C-O core mass gets close to the Chandrasekhar
limit, similarly to the consequence of the SD scenario,
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2unless it collapses to a neutron star. The other two sce-
narios assume a much shorter timescale (. 100 s) of the
merging process and a sub-Chandrasekhar-mass explo-
sion of the primary. An important difference between
the two models is that the secondary also explodes in
the former but remains intact in the latter. Notably, the
relation between the primary WD mass and the synthe-
sized 56Ni mass (hence peak brightness) significantly dif-
fers between the two models. For instance, a light curve
of normal brightness Ia supernovae is well reproduced by
a primary mass of 1.1M in the violent merger (Pakmor
et al. 2012) whereas 1.0M in the D6 explosion (Shen
et al. 2018). As we demonstrate later, GW observations
will determine the accurate mass of WDs in the binary
system, constraining the progenitor and explosion mech-
anism of Ia supernovae with coordinated observations in
the optical wavelength, i.e., multi-messenger astronomy.
In this letter, we consider the event rate of WD-WD
mergers and minimum detection range to observe one
WD-WD merger per year, using nearby galaxy catalog
and the relation between the Ia supernova and the host
galaxy (§1). Furthermore, we calculate DECIGO’s de-
tection rate and ability to localize WD-WD mergers and
to determine the masses of binary mergers(§3, 4.2, and
5). Throughout this paper we use CGS units.
2. EVENT RATE OF WD-WD MERGERS
Badenes, & Maoz (2012) shows that the local Ia super-
nova rate per unit stellar mass in our galaxy is consist
with the WD-WD merger rate per unit stellar mass in-
cluding sub-Chandrasekhar WD-WD merger cases. In
order to estimate the WD-WD merger rate, we assume
that all the Ia supernova progenitors are the WD-WD
mergers. The Ia supernova rate at z ∼ 0 is
(0.301± 0.062)× 10−4SN yr−1 Mpc−3, (1)
determined from the Lick Observatory Supernova Search
(LOSS) (Li et al. 2011). We use this value as the fiducial
rate of WD-WD mergers to estimate the detection rate
in this paper. However, this rate is the averaged volu-
metric rate of Ia supernova. There are many study of the
correlation between the Ia supernova rate and the host
galaxy property (e.g. Sullivan et al. 2006; Totani et al.
2008; Li et al. 2011; Graur et al. 2015) and these results
indicates the relation between Ia supernova rate and the
stellar mass of the galaxies. In order to estimate how
much sensitivity can detect one Ia supernova per year,
we estimate the Ia supernova rate at nearby galaxies us-
ing the rate-size relation of Ia supernova host galaxy (Li
et al. 2011) and the catalog of nearby galaxies within 11
Mpc (Karachentsev et al. 2013). The rate-size relation is
SNuM = SNuM(M0)×
(
M∗
1010M
)RSS
, (2)
where SNuM, SNuM(M0), M∗, and RSS are the Ia
supernova rate per century per 1010M, the normal-
ization value, the stellar mass of the galaxy, and the
power law index, respectively. Li et al. (2011) obtained
−0.513 ± 0.316, − 0.503 ± 0.158, − 0.637 ± 0.199, −
0.555 ± 0.171, − 0.443 ± 0.241, − 0.329 ± 0.201, and
−0.435 ± 0.195 as RSSs for E, S0, Sa, Sb, Sbc, Sc, and
Scd galaxies. These values are around -0.5, so we adopt
0.50 and 0.25 as RSS and SNuM(M0) in our rate cal-
culations, respectively. The combined significance with
RSS=-0.5 and SNuM(M0)=0.25 for E, S0, Sa, Sb, Sbc,
Sc, and Scd galaxies is 7.4σ (Li et al. 2011).
We use the galaxy catalog of Karachentsev et al. (2013)
in order to get the stellar mass of nearby galaxies. In
this catalog, there are 1209 galaxies data within 11 Mpc
and 951 galaxies’ masses or lower mass limits are known.
Figure 1 shows the stellar mass distribution of nearby
galaxies. In the case of galaxies whose masses . 105 M
in Fig. 1, we use lower mass limits of galaxies as galaxy
stellar masses.
Fig. 1.— The stellar mass distribution of nearby galaxies within
11 Mpc.
We combine the equation 2 and masses in this cata-
log data and calculate the Ia supernova rate in nearby
galaxies within 11 Mpc. The Ia supernova rate in nearby
galaxies is
0.85 yr−1. (3)
Thus, if the detection range of GW detector on ∼0.1Hz
band is 11Mpc, we can observe about one Ia supernova
per year and check whether Ia supernova progenitors are
WD-WD mergers or not.
3. GRAVITATIONAL WAVE OBSERVATIONS FROM
BINARY SYSTEM WITH SPACE-BASED DETECTOR
In general relativity, the detector signal of inspiral
GWs from binary coalescence in time domain can be ex-
pressed as below (Berti et al. 2005),
h(t) ' 2m1m2
rs(t)DL
A (t) cos (
∫ t
fgw(t
′)dt′ + φp(t) + φD(t)),
(4)
where m1,m2 are the masses of binary stars, rs(t) is the
orbital relative distance, DL is the luminosity distance to
the binary system, fgw is the frequency of the GW, and
φD(t) is the doppler phase. A (t) and φp(t) are defined
by,
A (t) :=
√
(1 + cos2 ι)2F+(t)2 + 4 cos2 ιF×(t)2, (5)
φp(t) := arctan
(
2 cos ιF×(t)
(1 + cos2 ι)F+(t)
)
. (6)
where ι is the inclination angle of the binary system, F+
and F× are the antenna pattern functions for the plus
3and cross mode of the GW, respectively.
The Fourier components h(f) of the detector signal
h(t) can be derived by the stationary phase approxima-
tion, since (2m1m2)/(rs(t)DL),A (t), φp, φD vary in time
slowly compared to
∫
fgw(t
′)dt′. Employing stationary
phase approximation, we obtain the Fourier components
of the detector signal (Maggiore 2007; Berti et al. 2005;
Cutler 1998; Arun 2006),
hI(f) = Af−7/6eiΨ(f)
{
5
4
A (t(f))
}
e−i(φp(t(f))+φD(t(f))).
(7)
The geometrical factor for tensor modes GT,I is defined
by
GT,I := 5
4
{(1 + cos2 ι)F+,I(t)
+2i cos ιF×,I(t)}eiφD,I(θs,φs,θe,φe), (8)
where (θs, φs) and (θe, φe) are the angular parameters
denoting the source direction and the detector position,
respectively. The geometrical factor is normalized by the
factor of 5/4 such that the average of Eq. (8) over angular
parameters gives unity. Finally we get the Fourier com-
ponents h(f) with the amplitude, A and the phase,Ψ(f),
hI(f) = Af−7/6eiΨ(f)GT,I(t(f)). (9)
t(f) is defined by the condition f = fgw(t(f)),
t(f) := tc − 5
256
M−5/3(pif)−8/3, (10)
where M := (m1m2)3/5(m1 +m2)−1/5 is the chirp mass
and tc is the coalescence time. For equal mass binary
whose total mass is Mtot, M = 4−3/5Mtot ∼ 0.435Mtot.
Thus, it gives the relation between the time to coales-
cence and the frequency of the GW before merger.
4. PARAMETER ESTIMATION
4.1. Waveform
We adopt the inspiral waveform up to Newtonian order
in amplitude A and 3.5 post-Newtonian (PN) order in
phase Ψ(f)(Khan et al. 2016),
hGR = Af−7/6eiΨ(f), (11)
with
Af−7/6 = 1√
30pi2/3dL
M5/6f−7/6, (12)
and
Ψ(f) = 2piftc−φc−pi
4
+
3
128
(piMf)−5/3
7∑
i=0
φi(piMf)i/3.
(13)
The amplitude part of the waveform is kept up to the
Newtonian order because we consistently deal with the
waveform at the same order as the expression in Eq.
(10). WD-WDs are expected to have circular orbits due
to tidal interactions (Willems et al. 2007; Ruiter et al.
2010). It was reported that the deformations due to fill-
ing the Roche lobe or the existence accretion disk in-
duce typical difference at the level of one percent or less
for semi-detached WD-WDs with respect to the average
strain amplitude (van den Broek et al. 2012). We use the
above inspiral waveform and the point mass approxima-
tion without the tidal deformation effect for the sake of
clarity.
Therefore, we have 11 model parameters in GR
(logM, log η, tc, φc, log dL, χs, χa, θs, φs, cos ι, ψp), (14)
where log η, χs, χa are the logarithm of the symmet-
ric mass ratio η := m1m2/(m1 + m2)
2, the symmet-
ric and the antisymmetric spin parameter, respectively.
We assume that the fiducial values of tc, φc, χs, χa are
zero. The priors are imposed for parameters hav-
ing domain of definition; log η, φc, angular parameters
(θs, φs, cos ι, ψp), and binary spin parameters (χs, χa).
4.2. Analysis and setup
We conducted the model parameter estimation by a
Fisher information matrix (Finn 1992; Cutler, & Flana-
gan 1994). A Fisher information matrix gives the the
Cramer-Rao bound of the system parameter and the cor-
relation coefficients between two parameters. In other
words, a Fisher information matrix tells us how pre-
cisely we can determine the model parameters by obser-
vations and how strongly the model parameters are cor-
related under strong signal and Gaussian noise assump-
tions. The Fisher information matrix Γ is calculated by
Γij := 4Re
∫ fmax
fmin
df
∑
I
1
Sn,I(f)
∂h∗I(f)
∂λi
∂hI(f)
∂λj
, (15)
where Sn,I(f) is the I-th detector noise power spectrum
and λi is the i-th model parameter. The inverse of the
Fisher information matrix gives the root mean square
error of a parameter. The root mean square error of ∆λi
is calculated by,
(∆λi)rms :=
√
〈∆λi∆λi〉 =
√
(Γ−1)ii, (16)
where ∆λi is the measurement error of λi and 〈·〉 stands
for ensemble average.
The sky localization error is defined by
∆Ωs := 2pi| sin θs|
√
〈(∆θs)2〉〈(∆φs)2〉 − 〈∆θs∆φs〉2.
(17)
Hereafter, we simply refer to (∆λi)rms as ∆λi, and call
it the estimation error of λi.
We conducted Fisher analysis with DECIGO on behalf
of decihertz gravitational wave detectors. We assume
that DECIGO has its design sensitivity and its orbit is
heliocentric orbit.
4.3. Cutoff frequency for white dwarf binary
The frequency of the GW from a white dwarf binary
at coalescence time can be estimated by the radius and
the masses of the stars as follows. We consider a binary
system formed by two stars with masses m1 and m2, po-
sitions 1 and r2, and radius R1 and R2. The dynamics re-
duces to a one-body problem with mass equal to reduced
mass µ = m1m2/(m1 +m2) and EoM r¨ = −(GMtot/r3)r
in the center-of-mass frame within Newton approxima-
tion. Here, r = r2 − r1 is the relative coordinate. Thus,
the orbital frequency ωs is related to the orbital radius
R by Kepler’s law,
ω2s =
GMtot
R3
, (18)
4Fig. 2.— Fitting in mass-radius relation for white dwarf star.
The data is based on the figure 1. in Magano(2017).
for circular orbits. When the binary stars coalesce, the
orbital frequency at that time ωs0 could be estimated by
the following equation,
ω2s0 =
GMtot
(R1 +R2)3
. (19)
The frequency of the GW emitted from a binary system
is twice the orbital frequency. Therefore, we set the the
upper cutoff frequency end fmax to the frequency, then
it is given by
fmax ' ωs
pi
=
1
pi
√
GMtot
(R1 +R2)3
. (20)
In equilibrium, the gravitational pressure should be
balanced by the electron pressure. The mass radius
relation for WDs is given by the equilibrium condi-
tion(Koester & Chanmugam 1990),
R∗ ∝ pim
4c5
3h3G(ρ0µe)5/3
M
−1/3
∗ , (21)
where R∗,M∗,m, µe are the radius, the mass of a WD,
the electron mass, and molecular weight per electron, re-
spectively. Here ρ0 = nH/(pF /mc)
3 is a constant where
n is the electron number of density, H is the atomic mass
unit, and pF is the Fermi momentum. The radius of a
WD is inversely proportional to the cube root of its mass.
Figure 2 shows the result of fitting based on the observa-
tional data of the mass and radius for white dwarf stars
from (Magano et al. 2017). Finally, we adopt the fol-
lowing mass-radius relation for calculation of the upper
cutoff frequency.
R∗ ∼ 0.011
(
M∗
M
)−1/3
R (22)
Once the upper cutoff frequency is determined, the
lower cutoff frequency is determined by the integration
time or the observational time through Eq. (10).
5. RESULTS
5.1. Full 3 year observation
Here, we consider full observation during 3 year opera-
tion period and the lower cutoff frequency fmin is set by
the period and the frequency of the GW at the coales-
cence time.
Table 1 shows the results of Fisher analysis. We esti-
mated parameters for 500 binary system whose angular
parameters are uniformly random. The binary masses
and the redshift are fixed for the 500 binary system such
that the median value of SNR becomes 8, in order to
investigate the detectable range with the different fixed
mass; 1M−1M, 0.8M−0.8M, and 0.6M−0.6M.
The median values of SNR and errors of the luminosity
distance, the sky localization, and the chirp mass are
shown.
The median value of SNR is approximately equal to 8
when z = 0.115 ∼ 550 Mpc for 1M − 1M WD-WD,
z = 0.049 ∼ 224 Mpc for 0.8M − 0.8M WD-WD,
and z = 0.016 ∼ 71 Mpc for 0.6M − 0.6M WD-
WD. Thus, the detectable volume can be estimated as
6.97× 108 Mpc3, 4.71× 107 Mpc3, and 1.50× 106 Mpc3,
respectively. Using Eq. (1), it is expected that about
50-2000 Ia supernovae would occur per year during the
observational period within the range. Therefore, we will
be able to probe for Type Ia supernova progenitors from
observations of both gravitational waves and Type Ia su-
pernovae. From Table 1, the 3D localization volumes are
estimated by 513 Mpc3, 58.3 Mpc3, and 3.92 Mpc3, for
1M, 0.8M, and 0.6M equal mass binary, respectively.
Inversely, ten events are expected per year within z =
0.00968 that is 43 Mpc. Table 2 shows the parameter
estimation result in the case of z=0.00968 for 1M−1M
WD-WD. The 3D localization volume is estimated as
7.37× 10−5 Mpc3.
5.2. For multi-messenger observation
We studied how the determination accuracy change
with the different observation time for multi-messenger
observation. For 1M equal mass WD binary, 1 year,
1month, 1 week and 1 day before merger correspond
to the frequency of the radiated GW, 0.08399, 0.08558,
0.08570 and 0.08573 Hz, respectively. The GWs emitted
from WD-WDs are regarded as almost monochromatic
waves. The SNR is increasing as SNR2 ∼ hampT/Sn(f).
Therefore, the errors can be estimated as functions of
the observational time for WD-WDs at z = 0.00968 be-
cause they are scaled by the SNR as far as the degeneracy
among parameters is broken,
∆ ln dL ∼ 2.29× 10−2 ×
(
T
3 year
)−1/2
, (23)
∆Ωs ∼ 1.33× 10−4 ×
(
T
3 year
)−1
, (24)
∆ lnM∼ 1.29× 10−8 ×
(
T
3 year
)−1/2
. (25)
Figure 3 shows the dependence of the expected errors on
the observational time.
Thus, even one year before merge, which is correspond-
ing to two-year observation, the localization at the level
of ∼ 1.36× 10−4 Mpc3 is expected.
5TABLE 1
Medians of parameter estimation errors for WD binary having different masses and fixed redshift at which the median
value of the SNR is equal to 8. The redshift gives the detection range.
parameter WD-WD(1M, z=0.115) WD(0.8M, z=0.049) WD(0.6M, z=0.016)
SNR 8.14 8.12 8.02
∆ ln dL 3.25× 10−1 3.80× 10−1 5.11× 10−1
∆Ωs[deg
2] 3.11× 10−2 4.47× 10−2 7.02× 10−2
∆ lnM 1.83× 10−7 1.03× 10−7 7.91× 10−8
TABLE 2
Medians of parameter estimation errors for WD binary at
43 Mpc so that about ten Type Ia supernovae are expected
within the range.
parameter WD-WD(1M, z=0.00968)
SNR 114
∆ ln dL 2.29× 10−2
∆Ωs[deg
2] 1.33× 10−4
∆ lnM 1.29× 10−8
Fig. 3.— The estimation errors vs the observational time for
1M − 1M WD-WD binary at z = 0.00968. The orange dots
show 1 year, 1month, 1 week and 1 day before merge.
6. DISCUSSION & CONCLUSIONS
If the detection range of the deci-Hz detector is DL ∼
11Mpc, we may observe one WD-WD merger event per
year. We need h < 10−20[Hz−1/2] as the detection sensi-
tivity around 0.1 Hz. In Fig. 4, the AMIGO’s sensitivity
is same as this value, so the SNR may be small ∼ 1-2.
On the other hand, the sensitivities of TianGO and B-
DECIGO are ∼ 3 × 10−22[Hz−1/2]. DO’s sensitivity is
∼ 5 × 10−23[Hz−1/2] Thus, TianGO, B-DECIGO, and
DO are sensitive enough to detect a WD-WD merger
whose SNR is more than 8.
In the case of a 1M–1M WD binary, DECIGO can
detect its merger event within z = 0.115, correspond-
ing to the detection rate of ∼ 20000 yr−1. Furthermore,
DECIGO can detect many inspirals of WD-WDs more
than 3 years before their merger at the 0.01-0.1 Hz range.
Thus, we can investigate the mass and separation distri-
bution of the WD binaries and the relation between them
and their host galaxies. Note that the detection rate esti-
Fig. 4.— The sensitivities of deci-Hz detectors and WD-WD
inspirals with different mass. The upper cutoff frequency is deter-
mined by Eq. (20). The black points correspond to 10 year, 3 year
before merger, and the upper cutoff frequency.
mate strongly depends on masses of WDs, since the GW
frequency is proportional to the total mass of WD-WD
(Eqs. 20 and 21). If the typical mass of WD-WD merg-
ers is 0.6M− 0.6M, the detection rate lowers down to
55 yr−1.
Since the uncertainty in the chirp mass estimate is
∆ lnM . 10−7, we can easily distinguish the near- and
sub-Chandrasekhar-mass explosions. Moreover, since
the relation between the primary WD mass and opti-
cal luminosity of Ia supernovae depends on the explosion
mechanisms (see §1), combination of GW and electro-
magnetic observations will further distinguish the sub-
classes of the sub-Chandrasekhar-mass scenarios, i.e., vi-
olent merger (e.g., Pakmor et al. 2012) and D6 (e.g., Shen
et al. 2018). It should also be noted that the gravita-
tional signal of the merger phase itself might be different
between the two sub-Chandrasekhar scenarios because
of the consequence (exploding or remaining) of the sec-
ondary WD. In our subsequent paper (Takeda et al. in
prep.), we will comprehensively investigate the GW sig-
nals for WD-WD mergers with different explosion mech-
anisms and different WD mass, including non-equal mass
binary cases.
The 3D localization volume of DECIGO for 1M −
1M WD-WD mergers at z = 0.115 is 513 Mpc3.
This value is proportional to d−6L . Thus, the 3D lo-
calization volume for ∼ 8000 WD-WD mergers within
dL ∼ 400 Mpc (z = 0.12) is ∼ 100 Mpc3. The galaxy
density is one galaxy per 100 Mpc3 (Kopparapu et al.
2008), so we can identify host galaxies for many WD-
6WD mergers only by the GW detection. Therefore, we
can check what astrophysical phenomena occur at the
galaxy even if the WD-WD merger does not accompany
a Ia supernova.
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